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ABSTRACT 
 
The presynaptic membrane fusion is mediated by a protein set called SNARE (Soluble 
NSF Attachment protein REceptor) proteins. SNARE proteins form a ternary SNARE-complex 
that comprises minimal machinery for membrane fusion; the complex consists of three SNARE 
proteins: Syntaxin 1, SNAP-25 and Vamp 2, also called Synaptobrevin 2. The SNARE complex is 
a four-helix coiled coil with four SNARE motifs; two come from SNARE-25 and one each from 
Syntaxin 1 and Vamp 2. It is believed that a regulatory protein Complexin binds tightly to the 
SNARE complex and stabilizes the complex, preventing it from driving toward fusion. However, 
the detailed mechanism of fusion clamping is still unclear. In our work, we constructed a single-
molecule lipid-mixing assay on a supported lipid bilayer to investigate the role of Complexin 1, 
one of the important regulatory proteins. Moreover, we found that Synaptotagmin 1, a calcium 
sensor for Ca2+-triggered fusion, plays a role along with Complexin in fusion clamping. 
Furthermore, the supported lipid bilayer was also incorporated into a photo-bleaching assay to 
investigate the role of various lipids on Syntaxin 1 clustering. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Introduction  
 
Membrane fusion and SNARE proteins 
 
 For eukaryotic cells, an intracellular membrane fusion plays an important role in 
communication between two cells because eukaryotic cytosol is separated by such a 
membrane. During communication, molecules must be transported from a particular 
cytosol to a destination cytosol without compromising membrane integrity; this can be 
achieved by transporting cargo-containing vesicle fusion [1]. In the brain, for normal 
brain function, neuronal signals should be transferred from a given neuron to others and 
the signal transduction is mediated by synaptic vesicle exocytosis. This vesicle exocytosis, 
simply speaking, includes docking/priming, hemifusion, fusion-pore opening and pore 
expansion (Figure 1).  
SNARE (soluble N-ethyl-maleimide-sensitive factor attachment protein receptors) 
proteins have so far been studied for nearly all intracellular membrane fusion events.  In 
the initial studies, three SNARE proteins were discovered: Syntaxin 1 [2], SNAP-25 [3] 
and Vamp 2 [4] (also called Synaptobrevin [5]). Syntaxin 1 and Vamp 2 are anchored to 
the target membrane and vesicle membrane, respectively, by a transmembrane domain, 
while SNAP-25 resides on the target membrane through palmitoylation of four cysteine 
residues (Figure 2A). A knockout study has shown the importance of SNARE proteins in 
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synchronous neurotransmitter release and lowered vesicle fusion rate in the absence of 
SNAP-25 and Vamp 2 genes, respectively [6, 7]. The SNARE proteins form a coiled coil 
four-bundle helix designated as a SNARE complex (Figure 2B). Each SNARE protein 
has one (Syntaxin 1 and Vamp 2) or two (SNAP-25) SNARE motifs consisting of 60~70 
amino acids (Figure 2A). Four SNARE motifs are arranged by heptad repeat so that they 
form a SNARE complex with 16 hydrophobic ionic layers (Figure 3A). An ionic zero 
layer is located in the middle of the SNARE complex and the SNARE can be classified 
according to the residue of the ionic zero layer; the Q-SNARE protein (Syntaxin 1 and 
SNAP-25) contains glutamine and the R-SNARE protein (Vamp 2) contains arginine 
(Figure 3B).  
 
Synaptotagmin 1 
 
In presynaptic membranes, neurotransmitter release is triggered by a Ca2+ influx 
propagated by action potential, and a protein called Synaptotagmin 1 is in charge of 
sensing Ca2+ [8, 9]. SNARE proteins are deficient in temporal regulation with respect to 
neurotransmitter release. Synaptotagmin 1, a neuronal Syt isoform out of 17 superfamilies 
[10], is believed to regulate SNARE-mediated membrane fusion synchronously with a 
Ca2+ influx [11, 12]. Knockout of the Synaptotagmin 1 gene abolishes fast synchronous 
neurotransmitter release [9]. 
Synaptotagmin 1 together with Vamp 2 is anchored to a presynaptic vesicle. 
Synaptotagmin 1 consists of an N-terminal transmembrane domain, a variable linker, and 
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two C-terminal C2 domains – C2A and C2B (Figure 4A). The C2AB domain can bind 
neuronal t-SNARE proteins in a Ca2+-independent manner contributing to the docking of 
secretory vesicles at the plasma membrane [13-15]. Two and three Ca2+ ions bind to the 
Ca2+ binding pocket lined by loops of C2A and C2B domains, respectively (Figure 4B). 
After Ca2+ binds to a C2AB domain, it has been reported that Synaptotagmin 1 induces a 
positive curvature in the target membrane by inserting its loop region to facilitate fusion 
(Figure 4C) [16]. 
 
Complexin 1 
 
Complexin 1 (also called synaphin 2) is another core regulatory protein like 
Synaptotagmin 1. Synchronous neurotransmitter release in mice was abolished after 
double knockout of Complexin 1 and Complexin 2 [17] and, moreover, triple knockout of 
Synaptotagmin 1, Complexin 1, and Complexin 2 caused newborn rats to die immediately 
after birth. Furthermore, many neuronal diseases such as schizophrenia, Huntington’s 
disease, Parkinson’s disease, Alzheimer’s disease, etc., are related to the depletion of Cpx 
[18]. Complexin 1 is a small soluble protein (~15 kDa) consisting of 134 amino acids 
partitioned by distinct functions into four distinct domains: an unstructured N-terminal 
domain (amino acids 1-26), an accessory alpha-helix (amino acids 27-47), a central helix 
(amino acids 48-70), and an unstructured C-terminal domain (amino acids 71-134) 
(Figure 5A). Complexin 1 binds rapidly (5×107 M-1S-1) and with high affinity (Km = 10 
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nM) to the groove of a SNARE complex between Syntaxin 1 and Vamp 2 in an 
antiparallel manner via its central helix (Figure 5B) [19, 20]. 
Recent studies have produced controversial results with respect to Complexin 1 
that can be described by the term ‘dual function’ that includes both stimulatory and 
inhibitory effects. The N-terminal domain of Complexin 1 stimulates synaptic vesicle 
fusion [21, 22] while an accessory alpha helix inhibits such fusion by replacing the C-
terminal part of Vamp 2 from the SNARE complex [21, 23]. A central alpha helix is 
crucial, mainly for to its role in binding to the SNARE complex, for both stimulating and 
clamping fusion [24, 25]. The C-terminal region also has dual functions of  stimulating 
and clamping fusion [26]. 
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Figures and Captions 
 
(Chen, Y.A. and R.H. Scheller., Nat Rev Mol Cell Biol, 2001) 
Figure 1 - Presynaptic vesicle fusion steps [1]. (a) Vesicle and target membrane are not 
yet in contact. (b) Priming in which two membranes become close (c) hemifusion after 
outer lipid layer is fused. (d) Energetically unfavorable state in (c) causes the contact of 
inner lipid layer. (e) Fusion pore is formed and cargo is diffused (f) Fusion pore is 
expanded. 
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(Brunger, A. T., Weninger, K., Bowen, M., Chu, S., Nature, 1998) 
Figure 2 – (A) SNARE motifs on Syntaxin 1, SNAP-25 and Vamp 2. (B) Coiled coil four 
bundle helix structure of SNARE complex. 
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(Sutton RB et al., Nature, 1998) 
Figure 3 – (A) Heptad repeat of hydrophobic layer (B) Ionic zero layer of SNARE 
complex 
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(Hui et al., Cell, 2009) 
Figure 4 – (A) A scale model of Synaptotagmin 3(Synaptotagmin 1 is placed in the vesicle 
membrane with no difference) (B) Ca2+-bound states of Synaptotagmin 1 C2A and C2B  (C) Ca2+ 
binding to C2AB induce positive curvature on the target membrane. 
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Figure 5 - (A) Four distinct domains of Complexin 1 (B) Crystal structure of Complexin 1 that 
binds to SNARE complex  
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CHAPTER 2: SYNAPTOTAGMIN 1 MAY STABILIZE 
SNARE-COMPLEX CLAMPLED BY COMPLEXIN 1 
 
Abstract 
 
SNARE-mediated membrane fusion must be highly regulated for fast 
neurotransmitter release. A clamping model has been proposed for this regulation, and 
Complexin is considered to be a key protein affecting clamping of membrane fusion; 
the function of Complexin 1, however, is still under debate. Here, we will provide 
another proof supporting the clamping model and furthermore suggest that 
Synaptotagmin 1, the Ca2+-sensor for triggered fusion, also participates in such 
clamping. We used a single-molecule lipid-mixing assay on a supported lipid bilayer. 
When only Complexin 1 regulates SNARE proteins, it induces temporal clamping that 
delayed spontaneous fusion but could not change its fraction of fusion. However, in the 
presence of Synaptotamin-1 and Complexin 1, the fraction of fusion could be reduced 
to the same extent as the delay. Therefore, we propose that Synaptotagmin 1 might 
stabilize the clamped SNARE complex by Complexin 1 to achieve complete clamping. 
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Introduction  
 
Neurotransmitter release is one of the fastest membrane fusion events, with a time 
constant of sub-milliseconds, while other membrane fusions happen within intervals of 
several seconds or even minutes [1, 2]. To mediate the presynaptic membrane fusion, 
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins 
are believed to provide minimal fusion machinery such that they form a four-helix bundle 
referred to as a SNARE complex, also called SNAREpin [3-5]. Three SNARE proteins, 
Syntaxin 1, Vamp 2, and SNAP-25, form the SNARE complex from the N-terminal to the 
C-terminal [6] to generate sufficient energy to overcome the energy barrier between the 
synaptic vesicle membrane and the presynaptic membrane [7, 8]. Syntaxin 1 and Vamp 2 
have transmembrane domains that reside in the presynaptic target membrane and the 
presynaptic vesicle, respectively, and SNAP-25 forms a binary complex with Syntaxin 1. 
For a brain to function normally, membrane fusion must be regulated rather than 
being constitutive. In regulated exocytosis, the membrane-fusion machinery must remain 
in the distinctly late step of the reaction energy barrier to achieve such fast membrane 
fusion [9]. A clamping model has been proposed to resolve understanding of the 
regulation mechanism [10, 11]. In the model, two regulatory proteins, Complexin 1 and 
Synaptotagmin 1, are considered to be key regulators during the last moment of 
synchronization. 
Complexin 1 is a small soluble protein (~15kD) also referred to as Synaphin [12]. 
Complexin 1 binds tightly to the groove of Syntaxin 1 and Vamp 2 of the SNARE 
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complex [13-15] so that it stabilizes the complex and prevents it from driving toward 
spontaneous fusion. Complexin 1 is therefore considered to be a major clamping regulator 
that manages the readily-releasable pool of vesicles [11, 16, 17]. These ready-to-go state 
vesicles are fused with the target plasma membrane when the clamping effect is released 
by a Ca2+ influx across the postsynaptic membrane [17]. 
Synaptotagmin 1, consisting of two consecutive C2 domains, is known to be a 
calcium sensor for neurotransmitter release [18-20]. After calcium binds to 
Synaptotagmin 1, it interacts with negatively-charged lipids on the target membrane, a 
critical factor in Ca2+-triggered membrane fusion [21, 22]. In addition to a Ca2+-
dependent function, Synaptotagmin 1 also has a Ca2+-independent function that is 
important in vesicle docking onto the target membrane [23]. Synaptotagmin 1 has also 
been suggested as a clamping regulator [24, 25]. 
To further elucidate the clamping mechanism, we performed in vitro experiments 
by adopting the supported lipid-fusion assay to mimic the physiological presynaptic 
membrane [26, 27]. Our data reveals that Complexin 1 inhibits the spontaneous fusion but 
that complete clamping requires Synaptotagmin 1. 
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Results  
 
Single vesicle lipid mixing assay on supported lipid bilayer 
 
A supported lipid-fusion assay was used to detect docking and fusion events [26, 
27]. To mimic the presynaptic membrane, a supported lipid bilayer was formed by the 
direct fusion of small unilamellar vesicles (Figure 1A). Proteoliposomes are reconstituted 
with either t-SNARE proteins or v-SNARE protein. In order to avoid an undesirable 2:1 
ternary complex between Syntaxin 1 and SNAP-25 [28], the t-SNARE proteins were 
preassembled with a 1:2 molar ratio of Syntaxin 1 and SNAP-25 in detergent for 1hr at 
room temperature. They were then mixed with vesicle (L/P = 200) that contains 3 mol% 
2K-PEG (polyethyleneglycol) conjugated phospholipid to stabilize the supported lipid 
fusion on a quartz substrate [29] with 1 mol% NBD-PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)) as a diffusion marker to 
check the condition of supported lipid fusion. After 15 min of mixing, detergents were 
diluted and then removed by overnight dialysis. The v-SNARE vesicle (v-vesicle) was 
reconstituted in the same way as the t-SNARE vesicle, but it contained v-SNARE protein 
Vamp 2 and 1 mol% DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 
perchlorate) as a diffusion marker to determine membrane fusion.  
The flow chamber was assembled on a quartz slide and t-vesicles were introduced 
by a syringe pump. The t-vesicles were directly fused onto the slide and formed a 
supported lipid bilayer for at least 2 hours. Then unbound vesicles were thoroughly rinsed 
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off with buffer volume fifty times that of the channel; the quality of the bilayer was 
checked by FRAP (Fluorescence recovery after photobleaching) assay to control the 
quality of the supported lipid bilayer by checking its continuity and fluidity. (Figure S1). 
The v-vesicle was introduced onto supported lipid fusion, followed by docking and 
spontaneous fusion events (Figure 1A). The Docking and subsequent spontaneous fusion 
events were determined by intensity traces (Figure 1B-D). After fusion occurred, the 
intensity of DiD diminished as it diffused throughout the surface of the supported lipid 
bilayer (Figure 1 C and D). If fusion did not occur and the vesicle remained in a docking 
step, the intensity changed only slightly, possibly due to photo-bleaching (Figure 1B). 
 
Clamping spontaneous fusion requires Synaptotagmin 1 as well as Complexin 1 
 
Many previous studies have designated Complexin 1 as a clamping regulator, 
but its detailed mechanism is still unclear [17]. To further understand the effect of 
Complexin 1 and Synaptotagmin 1 on the membrane fusion, the docking number was 
first measured. Complexin 1 had little effect on docking compared to Synaptotagmin 1 
that increased the docking number by a factor of two (Figure 2A). As controls, 
supported lipid fusion without SNAP-25, v-vesicle solution mixed with soluble Vamp 2, 
and v-vesicle and supported lipid fusion without SNAREs were tested. After docking, 
vesicles were spontaneously fused and the lipid mixing fraction was calculated by 
dividing the number of fused vesicles by the total docking number (Figure 2B). 
Interestingly, Complexin 1 itself could not clamp the spontaneous fusion, and 
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Synaptotagmin 1 was also required to clamp it. In addition to the lipid-mixing fraction, 
the delay time before spontaneous fusion was also analyzed (Figure 2C). In the absence 
of Complexin 1, most spontaneous fusions happened rapidly independently of the 
existence of Synaptotagmin 1 (Figure 2C left panels). However, when Complexin 1 
was added, it was capable of dragging the fusion kinetics (Figure 2C right panels), 
which implies that Complexin 1 itself has an inhibiting effect on spontaneous fusion. 
 
Complexin 1 is required for synchronous fusion 
 
Following spontaneous fusion, the remaining vesicles were triggered by Ca2+ to 
produce synchronous fusion. After introducing 100uM of Ca2+, the fraction of Ca2+-
triggered fusion was calculated (Figure 3A). In the absence of Synaptotagmin 1, 
triggered fusions rarely occurred regardless of the presence of Complexin 1. In contrast, 
in the presence of Synaptotagmin 1, the fraction without Complexin 1 was relatively 
higher, but still less than the case for both Complexin 1 and Synaptotagmin 1, possibly 
indicating that in the previous case vesicles may already have been used up by 
spontaneous fusion. As in the case of spontaneous fusion (Figure 2C), the delay time 
for Ca2+-triggered fusion was measured. In the absence of Synaptotagmin 1, 
synchronization was abolished and fusion happened only occasionally (Figure 3B 
bottom panels). In the presence of Synaptotagmin 1, the delay time demonstrated a 
sharp component (Figure 3B upper panels) but without Complexin 1 the sharp 
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component diminished (Figure 3B upper right), showing that Complexin 1 has a role in 
synchronous fusion consistent with previously published results [30, 31]. 
 
Discussion  
 
Synaptotagmin 1 is known to increase vesicle docking in a Ca2+-independent 
manner [21, 23, 32], consistent with our result (Figure 2A). It has been shown that 
Complexin 1 binds to a SNARE complex and replaces the C-terminal part of Vamp 2, 
blocking cis-SNARE complex formation [33, 34]. In our experiments, in the absence of 
Synaptotagmin 1, Complexin 1 alone just delayed spontaneous fusion (Figure 2C upper 
right), and the fraction of spontaneous fusion was unchanged compared to the fraction 
in the presence of Synaptotagmin 1 (Figure 2B), supporting the idea of a clamping 
function produced by Synaptotagmin 1 [24]. Based on our result, we propose a 
clamping model which requires both Complexin 1 and Synaptotagmin 1 (Figure 4). If 
only Complexin 1 is present as a clamping regulator (Figure 4A), it binds to a SNARE 
complex and replaces the C-terminal part of Vamp 2 [33, 34], which could represent a 
possible clamping mechanism of spontaneous fusion. However, in the absence of 
Synaptotagmin 1, Complexin 1 might be displaced after some time, causing just a delay 
in spontaneous fusion (Figure 2C upper right). After Complexin 1 is displaced from the 
SNARE complex, the zippering of C-terminal part of SNARE complex proceeds to 
complete the fusion (Figure 4A), possibly explaining the similarity in fraction of 
spontaneous fusion to the case without Complexin 1 (Figure 2B second column). 
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Similarly, in the presence of both Complexin 1 and Synaptotagmin 1, spontaneous 
fusion exhibited the same delay profile as the case with only Complexin 1 (Figure 2C 
bottom right), but the fraction was greatly reduced (Figure 2B last column), possibly 
indicating that Synaptotagmin 1 stabilizes the binding of Complexin 1 to the SNARE 
complex to achieve a strong clamping effect (Figure 4B). Recently, it has also been 
reported that the trans-SNARE complex exhibits multiple states in the position of the 
C-terminal of SNARE complex [35], possibly facilitating the clamping to provide a 
state in which Complexin 1 replaces the C-terminal of a SNARE complex. 
The flow chamber was washed off using a buffer and Ca2+ was introduced into 
the channel to produce Ca2+-triggered fusion. The fraction and delay time of Ca2+-
triggered lipid mixing was measured (Figure 3). With both Complexin 1 and 
Synaptotagmin 1 present, the highest fraction occurred, while the case with 
Synaptotagmin 1 present and Complexin 1 absent demonstrated a highly-reduced 
fraction (Figure 3A), possibly indicating that many vesicles had already been fused 
because of a lack of Complexin 1 (Figure 2B). Furthermore, without Complexin 1, the 
sharp component in delay time was largely diminished (Figure 3B) compared to the 
case with both Complexin 1 and Synaptotagmin 1 present, consistent with the idea that 
Complexin 1 accelerates Ca2+-triggered fast fusion [36, 37]. Without Synaptotagmin 1, 
only small asynchronous fusion events occurred (Figure 3A) with flattened delay 
profiles, regardless of presence of Complexin 1 (Figure 3B). 
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Materials and Methods 
 
Protein expression and purification 
 
Recombinant neuronal SNARE proteins from rat, Syntaxin 1 (amino acids 1–
288), SNAP-25 (amino acids 1–206), Vamp2 (amino acids 1–116), and soluble Vamp 2 
(amino acids 1–96), as well as Complexin 1 were expressed as N-terminal GST 
(glutathione-S-transferase) fusion proteins in BL21 Escherichia coli Rosetta (DE3) 
pLysS (Novagene). The cells were grown at 37 °C in LB with ampicillin (100 μg/ml) 
until absorbance at 600 nm reached 0.6–0.8. After adding 0.3 mM of isopropylthio-β-
D-galactopyranoside (IPTG), the cells were further grown for another 6 h at 16ºC. GST 
fusion proteins were then purified by glutathione-agarose beads (Sigma). Cell pellets 
were re-suspended in 20 ml PBS, pH 7.4, containing 0.2% (v/v) Triton X-100, with a 
final concentration of 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 2 
mM DTT. Cells were broken up by sonication in an ice bath and centrifuged at 15,000 
rpm for 30 min at 4 °C. The resulting supernatant was mixed with 2 ml glutathione-
agarose beads in PBS and nutated in a cold room (4 °C) for 2 h. The proteins were then 
cleaved by thrombin using a cleavage buffer (50 mM Tris HCl, 150 mM NaCl, and pH 
8.0) with a concentration of 0.8 g per 100 ml n-octyl-D-glucopyranoside (OG).  
Synaptotagmin was also expressed as an N-terminal His6-tagged protein in 
Escherichia coli Rosetta (DE3) pLysS. For purification, cells were re-suspended in a 
lysis buffer (PBS buffer with 20 mM imidazole, 0.5% Triton X-100, 2mM AEBSF, and 
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pH 7.4). After sonication, the supernatant was mixed with nickel-nitrilotriacetic acid-
agarose beads (Qiagen) in a lysis buffer. The mixture was nutated for binding at 4°C 
for 120 minutes. After binding, the beads were washed six times in a washing buffer 
(PBS buffer with 20mM imidazole, pH 8.0) and then washed again with another 
washing buffer (PBS buffer with 250mM imidazole, pH 8.0). All proteins contained 10% 
glycerol as a cryoprotectant and were kept at a temperature of -80°C. 
 
Reconstituting SNARE proteins  
 
In order for t-SNARE vesicles to develop a supported lipid bilayer, 86 mol% 
POPC (1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine), 10 mol% DOPS 
(1,2-dioleoyl-sn-glycero-3-phosphatidylserine), 3 mol% DSPE-PEG(2000) (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-(amino(polyethylene glycol)-2000)), 
1 mol% PIP2 (phosphatidylinositol-4,5-bisphosphate from porcine brain), and 1 mol% 
NBD-PE (1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl)) were mixed; for v-SNARE vesicles, 59 mol% POPC, 10 mol% 
DOPS, 20 mol% cholesterol, 10 mol% DOPE (1,2-dioleoyl-snglycero- 3-
phosphoethanolamine), and 1 mol% DiD (1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindodicarbocyanine perchlorate) were mixed. All lipids were obtained from 
Avanti Polar Lipids. Each lipid mixture was vacuum-dried and re-suspended in a buffer 
(25mM HEPES/KOH, 100 mM KCl, and pH 7.4). After more than 10 iterations of 
freezing and thawing vesicles to make them sufficiently large, unilamellar liposomes 
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(~100 nm in diameter) were prepared by extrusion through polycarbonate filters 
(Avanti Polar Lipids). For t-SNARE proteins, Syntaxin 1 and SNAP-25 were premixed 
in a molar ratio of 1:2 and the mixture was left at room temperature for 1 hour to form 
a binary complex before reconstitution. For membrane reconstitution, a t-SNARE 
protein premixture and v-SNARE protein were mixed with t-SNARE vesicles and v-
SNARE vesicles respectively at a protein-to-lipid molar ratios of 1:20000 (t-
SNAREs:lipids) and 1:200 (v-SNARE:lipids), with ~0.8 g per 100 ml OG in the buffer 
at 4°C for 15 min. Synaptotagmin 1 was added at a ratio of 1:4 (Synaptotagmin 
1:Vamp 2) for the reconstituted v-vesicle with both Vamp2 and Synaptotagmin 1. The 
mixture was diluted by half with a dialysis buffer (25 mM HEPES, 100 mM KCl, and 
pH 7.4), and this diluted mixture was then dialyzed overnight in 2 L of dialysis buffer 
at 4°C overnight. 
 
Flow chamber and supported lipid bilayer preparation 
 
Quartz slides and glass cover slips were thoroughly rinsed and sonicated in a 
mixture of 2% Alconox detergent and methanol. The slides were subsequently boiled in 
Piranha solution (a mixture of sulfuric acid and hydrogen peroxide at a 4:1 ratio) and 
the cover slips were soaked in Piranha solution at room temperature. The surfaces were 
thoroughly washed in deionized water between all wash steps. Freshly-prepared 
surfaces were dried by nitrogen gas and a flow chamber was assembled by attaching 
slides and cover slips using laser-cut (Boston Lasers LLC) and Double Tack Mounting 
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Film (Grafix) to create hollow regions for flow channels; the approximate channel 
volume was 10 µl.  
 A lipid bilayer was formed by direct deposit of at least 0.5 mM reconstituted t-
Vesicles onto the assembled flow chamber using a motorized syringe pump. After 
waiting sufficient time (up to 3 hr) for supported lipid bilayer formation [29], unbound 
vesicles in the flow channel were washed away using a 100 µl fusion buffer (25 mM 
HEPES, 100 mM KCl, and pH 7.4).  
 
Fluorescence recovery after photobleach 
 
In FRAP (Fluorescence Recovery After Photobleach), a few pulses from a 
strong laser beam photo-bleaches fluorescently-labeled molecules in a selected region; 
then, as time elapses, unbleached molecules enter the bleached area via lateral diffusion, 
resulting in recovery of fluorescence in the region. An Argon Laser (488 nm) was used 
to excite NBD-PE (460nm/535nm) and bleaching time was 30 sec. The average 
fluorescence signal from the bleached area (34.17 µm) was measured at 5 sec intervals 
for 70 frames using a confocal microscope. 
 
Single molecule lipid mixing assay on supported lipid bilayer 
 
The DiD was excited by a red laser with a 532 nm wavelength, and the 
fluorescence signal was recorded by a CCD camera (iXon Ultra 897, Andor) using a 
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prism-type total internal reflection microscope setup (IX-71, Olympus). The exposure 
time was 30.29 ms and the imaging area resolution was 256 by 512 pixels. 
Reconstituted v-vesicles (0.1 uM, Vamp 2 +/-Synaptotagmin 1) were introduced both 
with and without 5 uM Complexin 1 introduced into the flow channel by syringe pump 
with detection initiated at the same time. Although activity in the imaging area was 
recorded for 1 min, only the first 30 sec were used to determine spontaneous fusion 
with long delay time. After detection, unbound vesicles were washed off using a fusion 
buffer volume of at least ten times the channel volume. Subsequently, 100 uM Ca2+ 
was injected into the flow channel at 30 µl/sec by a motorized syringe pump, and the 
imaging area was recorded for 30 sec with only the first 15 sec used for the same 
reason as in the case of spontaneous fusion. Docking, fusion, and Ca2+ triggered fusion 
events were analyzed by a customized program written for execution using a Matlab 
system (Figure S2). 
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 Figures and Captions  
 
 
Figure 1 - Single vesicle-lipid bilayer fusion assay for neuronal SNARE-mediated 
membrane fusion. (A) Schematics of experimental system. First, the supported lipid 
bilayer is formed by a direct vesicle-fusion method. The NBD and PEG labeled t-SNARE 
vesicle is directly fused onto the surface of quartz slide to form the supported lipid bilayer. 
DiD labeled v-SNARE vesicles are then introduced into the flow channel where the lipid 
bilayer is formed. The introduced vesicles were docked onto the supported lipid bilayer 
subsequently fused, then both lipid molecules and DiD molecules diffuse throughout the 
lipid bilayer. The DiD fluorescence signal was detected by CCD. (B-D) A fluorescence 
signal trace for docking (B), fusion with long delay (C), and fusion within a short delay 
(D). 
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(A) 
 
(B) 
 
(C) 
 
 
Figure 2 – Clamping requires both regulators Synaptotagmin 1 and Complexin 1. (A) 
Normalized docking number to the case where the vesicle only has Vamp 2, which is 
abbreviated as V. Complexin 1 and Synaptotagmin 1 are abbreviated as C and S. As 
controls, v-vesicle was introduced onto the supported lipid bilayer without SNAP-25 (No 
SNAP-25), v-vesicle was introduced onto the supported lipid bilayer together with 
soluble Vamp 2 (Sol. V), and v-vesicle without Vamp 2 was introduced into the 
supported lipid bilayer without t-SNAREs (no SNARE). Total docking events: V (n=801), 
VC (n=704), VS (n=1768), VSC (n=1531), No SNAP25 (n=122), Sol.V (n=56), No 
SNARE (n=5) (B) The number of lipid mixing is normalized to the total docking number. 
(C) The delay time before spontaneous lipid mixing is shown. 
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(A) 
 
(B) 
 
  
Figure 3 – Complexin accelerates Ca2+-triggered fusion. The vesicle after spontaneous 
lipid mixing was trigged by Ca+2 for triggered lipid mixing. The same abbreviations for 
Vamp 2, Complexin 1, and Synaptotagmin 1 are used to Fig 2. (A) The number of lipid 
mixing is normalized to the total remaining vesicles after spontaneous lipid mixing. (B) 
The delay time before Ca-triggered lipid mixing is shown. Total fusion events for each 
bar: VSC (n=474), VS (n=152), VC (n=108), V (n=103) 
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Figure 4 – Clamping model. (A) Without Synaptotagmin 1, binding of Complexin 1 to 
the SNARE complex is not stable to clamp, so later Complexin 1 is displaced and 
proceeds to fusion. (B) Binding of Complexin 1 to the SNARE complex is stabilized by 
Synaptotagmin 1 so that the fusion is clamped and waiting for a Ca2+ influx to complete 
the fusion. 
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Supplementary Data 
 
(A) 
 
 
 
(B) 
 
 
 
 
 
Figure S1 - A typical FRAP measurement before single-molecule lipid-mixing assay on a 
supported lipid bilayer. (A) Consecutive images of the top view of a supported lipid 
bilayer after photobleaching (ROI = 34.17 µm). The frames correspond to 1, 32, and 58 s 
after photobleaching. (B) Fluorescence intensity in a photo-bleached circle plotted as a 
function of time (black dot). The data was fit (red line) to Equation 19 in ref. 38  [38] and 
the calculated diffusion constant was D=5.47 × 10-8 cm2/s. 
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Figure S2 – Analysis program for docking and fusion events written for a Matlab system. 
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CHAPTER 3: EXAMINING SYNTAXIN 1 CLUSTERING 
ON VARIOUS LIPIDIC ENVIRONMENTS 
 
Abstract 
 
A SNARE (soluble Nethylmaleimide-sensitive factor attachment protein 
receptor) complex represents minimal machinery needed to produce presynaptic 
membrane fusion for neuronal transmitter release. A SNARE complex consists of 
Syntaxin 1, SNAP-25, and Vamp 2. Syntaxin 1 together with SNAP-25 form the 
receptor complex on a plasma membrane for incoming presynaptic vesicles. Syntaxin 1 
is known to form clusters on the plasma membrane. It has been previously reported that 
cholesterol and negatively-charged lipids such as phosphatidylserine (PS) and 
phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) have strong effects on the distribution 
of Syntaxin 1. We constructed a photo-bleaching assay using total internal reflection 
microscopy. Syntaxin 1 was labeled by Cy5 fluorescence dye and excited by a red laser 
(532nm) for photo-bleaching. To determine the photo-bleaching steps, a Noise 
Reduction and State Evaluator for High-Frequency Single Event Traces (NoRSE) 
algorithm was used. 
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Introduction  
 
Membrane fusion in the brain is important for signal transduction between 
different neurons. Presynaptic membrane fusion is mediated by a highly-conserved 
protein called the SNARE protein [1]. Two SNARE proteins, Syntaxin 1 and SNAP-25, 
on the plasma membrane form an acceptor complex for incoming presynaptic vesicles 
that also contain the SNARE protein Vamp 2. The SNARE proteins form a parallel 
coiled-coil four-helix bundle called a SNARE complex. SNARE proteins are responsible 
for docking of synaptic vesicles to the plasma membrane. As a SNARE complex is 
zipped, the energy generated by the assembly is considered to be the driving force of 
membrane fusion [2]. After membrane fusion, the SNARE proteins are recycled via 
disassembling the highly stable cis-SNARE complex through NSF and α-SNAP [2], 
followed by recycling of synaptic vesicles along with Vamp 2 via clathrin-mediated 
endocytic pathway; the next fusion cycle is then prepared [3, 4]. At the same time, 
Syntaxin 1 is rearranged in the plasma membrane and reaches monomer and oligomer 
equilibrium [5]. 
The oligomeric state of the SNARE proteins on the various lipid environments 
and its effect on the membrane fusion has not yet been clearly understood. The Syntaxin 1 
oligomeric state has been shown to be related to the concentration of cholesterol in vivo 
[6]. Moreover, the cholesterol dependency of Syntaxin 1 clustering has also been 
observed in vitro experiment [7]. In the absence of cholesterol, Syntaxin 1 clusters were 
dispersed [8]. Based on the above observations, one might think that the clusters are 
36 
placed in cholesterol-rich lipid rafts, but they are instead in liquid-disordered phases in 
lipid model membranes [9].  
 PI(4,5)P2 (Phosphatidylinositol 4,5-bisphosphate) is contained in the plasma 
membrane in clusters. Highly negatively-charged PI(4,5)P2 interacts with SNARE 
proteins upstream of the membrane fusion, which is likely to affect the membrane 
organization and/or acceptor SNARE complex formation [10, 11]. PI(4,5)P2 has 
principally been studied as a critical activator of Ca2+-dependent neurotransmitter 
release [12-16], but interaction between PI(4,5)P2 and SNARE proteins is still not well 
understood. It was reported that PI(4,5)P2 interacts with Syntaxin 1, which is 
controlled electrostatically [7]. The negative charge of 1 mol% PI(4,5)P2 is as effective 
as 20 mol% PS because PI(4,5)P2 is triply-charged while PS is singly-charged. In this 
sense, choice of the proper amount of PS also affects the distribution of Syntaxin 1 
clusters.  
 Here, we constructed a photo-bleaching assay on a total internal reflection 
microscope to examine the clustering of Syntaxin 1 in various lipid environments. Cy5 
was labeled at the end of the transmembrane domain of Syntaxin 1. The fluorescence 
dye Cy5 labeled Syntaxin 1 was reconstituted into vesicles followed by direct deposit 
onto a hydrophilic surface and supported lipid bilayer formation. The Cy5 was photo-
bleached by red laser (532 nm) and the photo-bleaching steps were determined using a 
customized Matlab program using NoRSE (Noise Reduction and State Evaluator for 
High-Frequency Single Event Traces) algorithm. 
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Results and Discussion 
 
Photo-bleaching assay on supported lipid bilayer 
 
To investigate Syntaxin 1 clustering in various lipid environments, a photo-
bleaching assay of a supported lipid bilayer was constructed. Lipid compositions for 
vesicles were varied by molar ratio of cholesterol (0, 10, 20, and 40 mol%) and the 
presence/absence of 20 mol% PS and/or 1 mol% of PI(4,5)P2. Fluorescent dye Cy5 was 
labeled at the end of the transmembrane domain of Syntaxin 1. The labeled proteins were 
reconstituted into extruded unilamelar vesicles (100 nm). Proteoliposomes were 
introduced in an assembled flow chamber and deposited on a hydrophilic quartz surface 
and followed directly by absorption and fusion to form a supported lipid bilayer (Figure 
1A). Cy5 was excited by red laser (532 nm) and photo-bleached as time elapsed. The 
number of photo-bleaching steps was determined by a customized Matlab program in 
which the Noise Reduction and State Evaluator for High-Frequency Single Event Traces 
(NoRSE) algorithm was applied (Figure 1B). For example, fluorescence dyes at four 
different locations were photo-bleached (Figure 1C) and the number of photo-bleaching 
steps was determined by the analysis program, which in this example shows the number 
of steps from 1 to 4 (Figure 1D). 
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Cholesterol induces Syntaxin 1 clusters 
 
In a study using fluorescence self-quenching [7], the quantum yields of 
fluorescence dyes diminished as the amount of cholesterol in the proteoliposomes 
increased. A photo-bleaching assay of the supported lipid bilayer was used to investigate 
the effect of cholesterol on Syntaxin 1 clustering, Four different molar ratios of 
cholesterol (0, 10, 20 and 40 mol%) in a supported lipid bilayer were used to measure the 
number of photo-bleaching steps (Figure 2A). There was no clear difference between 0 
mol% and 10 mol% at which the fluorescence signal was self-quenched as described in 
ref 7, which might be due to the difference in protein-to-lipid ratio. According to that 
proposal, cholesterol-dependent Syntaxin 1 clustering is due to the fact that two POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) molecules and a cholesterol molecule 
form complexes [17], so that POPC is insufficient to totally solvate Syntaxin 1. In their 
study, the protein to lipid ratio was 1:1,000, compared to 1:1,000,000 in this study, at 
which 10 mol% cholesterol might not be sufficient to compete with Syntaxin 1 for its 
solvation by POPC. The bar graph also tends to shift right toward higher clustering 
numbers as the molar ratio is increased, demonstrating cholesterol-dependent clustering 
of Syntaxin 1.  
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PI(4,5)P2 induces Syntaxin 1 clusters regardless of cholesterol and PS 
 
When negatively-charged PS (10 mol%) was added, the bar graph tended to shift 
left toward lower clustering numbers even in the presence of 20 mol% of cholesterol 
(Figure 2B) [7, 18], a factor that may induce dispersion of Syntaxin 1 clusters by 
interacting with the polybasic region of Syntaxin 1 and solvating it. The effect of 
PI(4,5)P2 on Syntaxin 1 clustering is not clear. In an in vitro experiment, PI(4,5)P2 
relieved cholesterol-induced Syntaxin 1 clustering [7], while PI(4,5)P2 produced 
Syntaxin 1 clusters [18]. In our experiments, we observed more Syntaxin 1 clustering 
regardless of cholesterol and PS levels (Figure 2B), a result consistent with the latter 
experiment. Furthermore, another in vivo study recently reported that PI(3,4,5)P3 is more 
efficient than PI(4,5)P2 in Syntaxin 1 clustering due to its more negative net charge of -
5.05 ± 0.15, compared to a net charge of -3.99 ± 0.10 for PI(4,5)P2 [19, 20]. Syntaxin 1 
has a polybasic region in its juxtamembrane domain and these positively charged residues 
are in close proximity to the lipid head groups, affecting Syntaxin 1 clustering [20-22]. It 
would therefore be worthwhile to perform experiments with Syntaxin 1 mutants in the 
polybasic region by using a constructed photo-bleaching assay of a supported lipid bilayer. 
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Materials and Methods 
 
Protein labeling 
 
Protein expression and purification methods are exactly the same as the 
methods described in Chapter 2 except that mutated Syntaxin 1 plasmid (Y257C) was 
used. Expressed Syntaxin 1 mutant was mixed with Cy5 maleimide (Amersham) in the 
ratio of 5:1 and left overnight at 4°C. Unbound Cy5 dyes were removed using a PD-10 
desalting column (Amersham). Labeling efficiency was determined by a SDS-
polyacryamide gel and labeling proteins were used only when the labeling efficiency 
was greater than 80%. 
 
Vesicles and Reconstitution 
 
Supported lipid bilayer vesicles were prepared using 0, 10, 20, and 40mol% 
cholesterol, 3 mol% DSPE-PEG(2000) (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(amino(polyethylene glycol)-2000)), and POPC. Vesicle 
mixtures were dried with nitrogen gas then kept in a vacuum desiccator overnight to 
allow the solvents to evaporate. Completely-dried lipid films were rehydrated by 
adding a buffer containing 25mM of HEPES and 100mM of KCl (pH7.4). The 
rehydrated lipid stock was kept at room temperature for 10 min then vesicles were 
frozen and thawed for 10 cycles. Multilarmellar large vesicles were extruded through 
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polycarbonate filters (Avanti Polar Lipids). to transform them into unilamellar 
liposomes with uniform size (100 nm in diameter). The extruded vesicles were mixed 
with Cy5-labeled Syntaxin 1 in a ratio of 1:1,000,000 (P:L) for 15 min while the OG 
(n-octyl-D-glucopyranoside) concentration was maintained at 0.8%. The protein and 
lipid mixture was diluted 2 times by adding the HEPES buffer followed by overnight 
dialysis to remove OG. 
 
Photo-bleaching assay 
 
Flow chamber and supported lipid bilayer preparation was exactly same as in 
the methods described in Chapter 2. The flow cell was first assembled and vesicles 
directly introduced onto the highly hydrophilic surface for at least 4 hours to form a 
lipid bilayer. Unbound vesicles were washed off using a fusion buffer with 20 times the 
volume of the flow cell. Just before detection, an imaging buffer (1 mg/mL glucose 
oxidase, 0.02 mg/mL catalase, 0.4 wt% β-D-glucose and Trolox) was prepared and 
injected to avoid a fast photo-bleaching event and blinking events. Detection was 
initiated a few frames before the laser was turned on so as not to miss the very first 
signal. The CCD exposure time was set to 50 milliseconds and the trace was recorded 
for 500 frames. The trace data was fit using a NoRSE algorithm to count photo-
bleaching steps. (NoRSE: Noise Reduction and State Evaluator for High-Frequency 
Single Event Traces) 
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 Figures and Captions  
 
 
Figure 1 – Photobleaching assay on supported lipid bilayer. (A) Syntaxin 1 (blue) is 
labeled by a Cy5 dye (shown as yellow star) at the end of the transmembrane domain and 
forms an acceptor SNARE complex with SNAP-25 (green). (B) A Matlab program based 
on NoRSE algorithm was developed to analyze each step of photo-bleaching. (C) Top 
view of supported lipid bilayer. Four circles surround four different Cy5-labeled Syntaxin 
monomer or oligomers. (D) Photo-bleaching steps analyzed by the program. The numbers 
in the four sub-figures correspond to respective numbers appearing in (C). 
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Figure 2 – The number of photobleaching steps for various lipid environments. The 
legend at the right side of each figure indicates the number of photo-bleaching steps. The 
number 5 includes a number of steps greater than 5. (A) The cholesterol amount in 
supported lipid bilayer was varied from 0 mol% to 40 mol%. (B) Different lipid 
compositions were used. The mol% of lipids was 20, 10 and 1 for the tick labels ‘Chol’, 
‘PS’, and ‘PIP2’ respectively. For each experiment, the number of total events was over 
1,000 from at least three independent measurements. 
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CHAPTER 4: GENERAL CONCLUSION 
 
SNARE proteins play a central role in presynaptic membrane fusion for 
neurotransmitter release. The membrane fusion must be temporally controlled to be 
synchronized with the Ca2+ influx by action potential. In this thesis, a key regulator for 
fusion clamping, Complex 1, was studied to understand the clamping mechanism.  A 
single vesicle lipid-mixing assay on supported lipid bilayers was set up to measure the 
delay before spontaneous fusion and Ca2+-triggered fusion, and also fusion probability. 
The v-vesicles with Synaptotagmin 1 were docked twice as more as v-vesicles without 
Synaptotagmin 1 independent of Complex 1. Spontaneous fusions were delayed in the 
presence of Complexin 1 independent of Synaptotagmin 1. However, the spontaneous 
fusion probability was reduced only in the presence of both Synaptotagmin 1 and 
Complexin 1. This result suggests that Complexin 1 is the main clamping regulator and 
that Synaptotagmin 1 stabilizes the clamped state. Synaptotagmin 1 was required for 
Ca2+-triggered fusion but the amount of the fusion was largely reduced in the absence 
of Complexin 1 because many vesicles had already been consumed by spontaneous 
fusions. In addition, without Complexin 1, overall Ca2+-triggered fusions were delayed. 
 Second, Syntaxin 1 clustering was examined for various lipid environments. For 
the model membranes, a supported lipid bilayer system to mimic the presynaptic 
plasma membrane was adopted. Cy5-labeled Syntaxin 1 was reconstituted into vesicles 
before direct vesicle fusion onto the quartz slide to form a supported lipid bilayer. Cy5 
fluorescence was photo-bleached by red laser and the photo-bleaching steps were 
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determined by a customized Matlab program adopting the Noise Reduction and State 
Evaluator for High-Frequency Single Event Traces (NoRSE) algorithm. Vesicle 
composition was varied by the molar ratio of cholesterol, phosphatidylserine (PS), and 
phosphatidylinositol 4,5-biphosphate (PI(4,5)P). Syntaxin 1 clustering was induced by 
cholesterol that competes with Syntaxin 1 for POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine) for its solvation. Negatively-charged lipid PS reduced Syntaxin 1 
clusters by interacting with a polybasic juxtamembrane region of Syntaxin 1. Although 
PI(4,5)P2 has more negative charges than PS, it also induced Syntaxin 1 clusters like 
cholesterol, implying distinct interaction between PI(4,5)P2 and Syntaxin 1. 
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